Severe experimental hypertension is associated with vascular hyperpermeability and cellular damage in small arteries and arterioles in rats. Oxygen-derived free radical production is also associated with increased vascular permeability and cellular injury in a variety of conditions, including ischemia-reperfusion and inflammation. To determine if free radicals play a role in the pathogenesis of hypertensive vascular disease, the free radical scavengers superoxide dismutase (SOD), catalase, SOD and catalase, and dimethyl sulfoxide (DMSO) were given to rats made acutely hypertensive with angiotensin II infusions. Untreated hypertensive and normotensive control animals were used for comparison. The effects of scavenger treatment were assessed by in vivo observations of intestinal small arteries by use of stereomicroscopy and videotape and light and transmission electron microscopy to identify and quantitate vascular lesions, and tracer particle injections to determine permeability changes. In vivo observations revealed that scavenger treatment did not alter vascular constriction patterns, vessel caliber, or blood pressures. Electron microscopy of arteries from untreated hypertensive rats showed more severe and more extensive endothelial and smooth muscle lesions, increased tracer particle penetration, and greater fibrin deposition than that found in scavenger-treated hypertensive groups. Quantitation of vascular lesions showed approximately equal reductions in smooth muscle necrosis (p<0.01) and fibrin deposition (p<0.05) in arteries from each of the scavenger-treated hypertensive groups. The results indicate that the free radical scavengers SOD, catalase, SOD-catalase, and DMSO inhibit (but do not prevent) vascular hyperpermeability and cellular damage during acute, angiotensin lI-induced hypertension. These findings suggest that free radicals play a role in the pathogenesis of hypertensive vascular disease, probably by exacerbating the vascular changes initially triggered by an acute elevation in blood pressure. (Circulation Research 1990;66:722-734) 
Severe experimental hypertension is associated
with the development of a focal, irregular constriction pattern in small arteries and arterioles in a number of vascular beds.1-7 This pattern of constriction is directly linked to the pathogenesis of hypertensive vascular disease, since the dilated segments of small arteries and arterioles become hyperpermeable to plasma proteins (including fibrinogen) and develop severe cellular damage in the vessel wall. [1] [2] [3] [4] [5] [6] [7] [8] [9] In contrast, the relatively constricted segments of these vessels do not show increases in permeability or vessel wall injury. [1] [2] [3] [4] [5] [6] [7] [8] [9] Toxic oxygen metabolites such as superoxide anion (02 ), hydrogen peroxide (H202), and the hydroxyl radical (OH. ), commonly called oxygen-derived free radicals, have been implicated in tissue injury to the brain, intestine, pancreas, skin, and other organs, particularly in association with conditions of ischemia-reperfusion or inflammation.10-14 Free radical production in these conditions is clearly linked to 1) cellular damage or necrosis and 2) increased vascular permeability,10-14 both of which are key components in the pathogenesis of hypertensive vascular disease. To date, the possible role of free radicals in the development of hypertensive vascular changes has not been investigated in detail. Kontos et al11 provided initial evidence by showing that topical application of free radical scavengers to the brain inhibits the development of pial arteriolar lesions in the cat during acute hypertension. Subsequent studies demonstrated the appearance of free radical reaction products during acute hypertension in the cerebral extracellular space in cats. 16 These studies have provided significant clues about the possible role of free radical production in hypertensive vascular disease, but a number of important issues remain to be investigated. Among these are the potential relation of free radical release to vascular hyperpermeability during hypertension, the relative contributions of different free radical species (02 , H2025 OH* ) to hypertensive vascular disease, and the potential role of free radical production in vascular beds outside the brain during hypertension.
The present study was undertaken to determine if oxygen-derived free radicals contribute to the pathogenesis of acute hypertensive vascular lesions and vascular hyperpermeability in intestinal arteries of the rat and, if so, to assess the relative contribution of individual free radical species to these vascular changes. To do so, specific free radical scavengers (superoxide dismutase [SOD] , catalase, dimethyl sulfoxide [DMSO] ) that act upon specific free radicals (02 , H202, OH., respectively) were given to rats made acutely hypertensive by angiotensin II infusion. The study used in vivo observations for comparison of vascular constriction patterns, light and transmission electron microscopy for identification and quantitation of vascular lesions, and anionic ferritin injections for assessment of vascular permeability changes.
Materials and Methods In Vivo Observations
Male Wistar rats weighing 240-260 g were anesthetized with sodium pentobarbital (40 mg/kg i.p.). Direct arterial pressure was recorded continuously by use of a Model 2200 physiograph (Gould, Cleveland, Ohio) connected to a Statham pressure transducer (Gould) and a PE-20 catheter inserted in the right carotid artery. An abdominal window was created after abdominal incision by covering the intestine and abdominal contents with a thin, oval-shaped (4 x 3 cm) piece of glass. Small intestinal vessels were examined and continuously videotaped by use of a Model SV8 stereomicroscope (Carl Zeiss, Thornwood, New York) and a Hamamatsu Model C2400 videocamera (Photonic Microscopy, Oak Brook, Illinois) connected to a video monitor screen and a Panasonic Model AG-6300 videotape recorder (Matsushita America, Secaucus, New Jersey).
Small arteries of the intestine were examined and videotaped under baseline conditions for 10 minutes. Afterward, one of the following substances was infused into the left jugular vein by use of a Sage infusion pump (Orion Research, Cambridge, Massachusetts): SOD (4 mg/kg/hr), catalase (40 mg/ kg/hr), DMSO (20 mg/kg/hr), or normal saline (1.0 ml/kg/hr) (all drugs were obtained from Sigma Chemical, St. Louis). Intestinal vessels were observed and videotaped for possible changes in diameter, and blood pressures were monitored and compared before and during infusions.
An additional set of animals received infusions of anigotensin II (CIBA, Summit, New Jersey) in the right jugular vein at a rate of 0.2 mg (0.05 ml)/kg/min after initial anesthetization with pentobarbital. Intestinal vessels were examined and videotaped for 10 minutes before and 10 minutes during angiotensin II infusion; then SOD, catalase, or DMSO was administered for 15 minutes in the same doses described above. Vessels were observed and videotaped continuously for possible changes in vessel diameter or constriction patterns.
Fixed Tissue Analysis of Vascular Wall Damage and Pernneability Changes
Additional sets of male Wistar rats (240-260 g) were anesthetized with sodium pentobarbital (40 mg/kg i.p.) and given maintenance doses as needed. Arterial pressures were recorded continuously from the right carotid artery. Animals were divided into 10 groups, each containing five rats. Each group received one of the following infusions in the left jugular vein: SOD (4 mg/kg/hr), catalase (40 mg/ kg/hr), SOD (4 mg/kg/hr) with catalase (40 mg/ kg/hr), DMSO (20 mg/kg/hr), or normal saline (1 ml/kg/hr). These infusions were continued throughout the experiment. Ten minutes after infusions were begun, five groups of rats were given angiotensin II in the right jugular vein at a rate of 0.2 mg (0.05 ml)/kg/min, and five groups received normal saline at a rate of 0.05 ml/kg/min. Infusions of angiotensin II or saline were continued for 4 hours. One hour before sacrifice native anionic ferritin (25 mg/100 g, Sigma Chemical) was injected into the left femoral vein over a 5-minute period as a tracer for vascular permeability. Although ferritin could potentially affect free radical production via Fe'3-catalyzed generation of OH * ,10-14 this was not considered a problem because the intestine normally contains rich stores of excess iron in the form of ferritin and the iron in ferritin does not readily participate in free radical reactions.14 At the end of the infusion periods, animals were sacrificed by incision of the abdomen, insertion of a PE-60 catheter into the abdominal aorta in a retrograde position, and perfusion of the abdominal vasculature with 1.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4, room temperature) by use of a Masterflex pump (Cole-Parmer Instrument, Chicago). Abdominal perfusion-fixation was continued for 10 minutes at the same pressure recorded during life. For easier identification of the perfused and fixed vessels, the abdominal aorta was then injected with Batsin's casting resin with red pigment as previously described.5
By use of the stereomicroscope, longitudinal sections of small arteries of the intestine were selected and removed for processing. Tissue sections were rinsed twice with 0.1 M phosphate buffer, postfixed in 1% phosphate buffered osmium tetroxide, dehydrated through graded ethanol, and finally immersed in toluene. Vessels were embedded longitudinally at 60°C overnight in Araldite. Semithin (1-,tm) sections were cut by use of an ultramicrotome (Sorvall, Norwalk, Connecticut) and stained with toluidine blue for light microscopic observation. Thin (60-nm) sections were also made, stained with bismuth substrate to enhance staining of ferritin particles,5 and examined in a lOOS transmission electron microscope (JEOL U.S.A., Peabody, Massachusetts).
Semithin, toluidine blue-stained sections were used for morphometric assessments. Sections from three randomly selected arteries from each animal were selected for examination with a microscope (E. Leitz, Rockleigh, New Jersey) connected to a computerized morphometric image analysis system consisting of digitizing pad, cursor, computer, video screens, and Loats software (Loats Systems, Westminster, Maryland). Slide labels were masked and coded before analysis so that quantitative data were obtained in blirld fashion. With the x4 objective, an outline of the longitudinal section of each artery was traced on the digitizing pad and divided into grids. Five grids from each vessel were randomly selected and examined by use of the x 100 objective; only unconstricted segments of vessels from hypertensive animals were selected for analysis. All smooth muscle cells in each microscope field were outlined on the digitizing pad and classified into one of four categories based on morphological appearance as previously described.45 The categories of smooth muscle included 1) normal appearance, 2) normal appearance with double membrane-bounded vacuoles, 3) severely damaged or necrotic cells (with apparent loss of myofilaments, damage to or dissolution of nuclei, myelin figures in the sarcoplasm, etc.) without fibrin deposits, and 4) damaged or necrotic cells with fibrin deposits. Endothelial cell changes were not quantitated because these cells were found to be less numerous, smaller, and more difficult to assess at the light microscopic level than were smooth muscle cells.
For the statistical tests for blood pressure, mean systolic arterial pressures and standard errors were calculated for each rat, then for each group of five rats (five hypertensive groups, five normotensive groups). Baseline and postinfusion blood pressures were compared in each group by paired t tests. Comparisons among groups were performed by analysis of variance, and differences between groups were compared by the Bonferroni method.17 Statistical analysis of morphometric data was performed by calculation of means and SEMs for each category of smooth muscle cell for each vessel, then for all vessels from each animal, then for all animals from each group of five rats. Comparisons among groups were performed by analysis of variance and differences between groups by the Bonferroni method.
Results

In Vivo Observations
Under baseline (normotensive) conditions, the small arteries of the intestine were gently tapered in diameter proximally to distally and showed no caliber irregularities ( Figure 1A ). Infusions of SOD, catalase, SOD-catalase, and DMSO had no visible effects on vessel morphology or caliber. Angiotensin II infusions produced focal, irregular caliber changes in small arteries and arterioles characterized by alternating zones of relative constriction and dilatation ( Figure 1B) . The locations and apparent diameters of the relatively constricted and unconstricted segments did not change during the period of angiotensin II infusion. Infusions of scavengers (SOD, catalase, SOD-catalase, DMSO) or saline had no visible effect on the irregular constriction pattern ( Figure 1C ).
Fixed Tissue Analysis of Vascular Wall Damage and Permeability Changes
Mean systolic arterial blood pressures+SEM from the five angiotensin Il-treated groups and the five nonhypertensive control groups are presented in Table 1 . Blood pressures in each of the angiotensin lI-treated groups were significantly higher during angiotensin infusion (p<0.01) than were corresponding baseline pressures. Treatment with SOD, catalase, SOD-catalase, or DMSO produced no significant differences in baseline or hypertensive pressures among the angiotensin lI-treated groups. In the control groups (infused with saline instead of angiotensin II), there were no significant differences between baseline blood pressures and those recorded during saline infusions. Treatment with the free radical scavengers had no significant effects on blood pressure among the control groups.
Transmission electron microscopy of intestinal small arteries in the five nonhypertensive control groups showed the typical ultrastructural features previously described18 for endothelial cells, the internal elastic lamina, and medial smooth muscle cells ( Figure 2A ). As illustrated in Figure 3A , endothelial cells in control animals contained the usual complement of cytoplasmic organellesl8; occasional ferritin particles were seen within endothelial caveolae or vesicles in the cytoplasm, but there were no large aggregates of ferritin. The sarcoplasm of medial smooth muscle cells showed the typical array of myofilaments, dense bodies, and organelles ( Figure  3A ); muscle cells with double-membrane-bounded vacuoles4,5,19,20 were seen infrequently. There was no evidence of ferritin penetration into the medial layer. No morphological or ultrastructural differences were seen in vessels from the scavenger-treated controls compared with those from untreated controls (Figures 2A and 3A).
In the hypertensive (angiotensin lI-treated) animals, electron microscopy of the relatively constricted segments revealed the typical changes in endothelial and smooth muscle cells as described previously.4,18 Briefly, these changes consisted of bulging endothelial and smooth muscle cells with characteristically indented nuclei and occasional double-membrane-bounded vacuoles in smooth muscle cells. There was no evidence of endothelial or Dilated vascular segments from the hypertensive untreated group (i.e., no scavengers given) showed a variety of lesions in endothelial and smooth muscle cells ( Figures 2B and 3B ). Endothelial changes varied from distorted and often convoluted cellular outlines accompanied by numerous small cytoplasmic There is no evidence of cellular damage, feritin penetration, or vacuolar changes in smooth muscle cells. Panel B: Artery (dilated region) from angiotensin II-treated rat that did not receive scavenger infusions. There is apparent focal disruption of endothelial layer (arrow), although at least one endothelial cell (E) is intact. A number of smooth muscle cellprocesses show increased densities with loss ofsarcoplasmic organelles and infiltration by ferritin particles (arrowheads). Panel C: Artery (dilated region) from angiotensin II-and superoxide dismutase-catalase-treated rat. There is no visible evidence of damage to the endothelial layer, but focal smooth muscle damage is evident (arrow). Two smooth muscle cells with double-membrane-bounded vacuoles are also present (arrowheads); these probably represent rarefied invaginating processes of adjacent smooth muscle cells. L, lumen. Magnification, x8,000.
vacuoles and disruption of cytoplasmic organelles to frank denudation of the endothelial layer ( Figure  3B ). Severely damaged or necrotic endothelial cells were limited in distribution, seen typically in regions where underlying smooth muscle damage was also evident. Some dilated regions contained endothelial cells with no apparent morphological changes (Figure 2B) . Smooth muscle lesions also showed varying degrees of severity, ranging from intermittently distributed, dark or pale smooth muscle cells with ferritin deposits ( Figure 2B ) to regions of extensive frank necrosis involving many cells with widely distributed ferritin deposits and fibrin aggregates (Figure 3B ). Most of the dilated zones from the hypertensive untreated animals showed evidence of moderate to severe smooth muscle damage, but also contained some undamaged cells or cells with double-membrane-bounded vacuoles.
The dilated regions of vessels from hypertensive, scavenger-treated groups showed less extensive and less severe endothelial and smooth muscle injury (Figures 2C, 3C , and 3D). Severely damaged or distorted endothelial cells were rarely seen. Regions of frank endothelial denudation were not observed in any of the scavenger-treated groups. Endothelial cells most commonly showed normal morphological features in the scavenger-treated groups (Figures 2C,  3C , and 3D). Smooth muscle lesions were typically focal in distribution, involving one or two pale or rarefied cells containing ferritin particles ( Figures 2C  and 3C ). Extensive, severe necrosis of smooth muscle cells was not observed. Ferritin deposits were focally distributed, and fibrin aggregates were rarely seen. As in the hypertensive untreated animals, smooth muscle cells containing double-membrane-bounded vacuoles (Figures 2C and 3D) were seen occasionally. Light microscopic observations were used for confirmation of electron microscopic findings and for quantitation of cellular vascular lesions among the various groups; quantitative data are presented in Tables 2 and 3 . In normotensive control groups, there was no evidence of endothelial or smooth muscle damage or necrosis, and no intramural fibrin deposits were seen. The vast majority of smooth muscle cells showed normal morphological features, although a small percentage (4-6%) of cells containing doublemembrane-bounded vacuoles was found in all control groups (Tables 2 and 3 ). There were no significant differences in either numbers or areas of normal and vacuolated smooth muscle cells among the scavenger-treated and untreated control groups.
In the hypertensive angiotensin II-infused groups, light microscopy confirmed that there was no evidence of endothelial or smooth muscle damage in the relatively constricted regions of the small arteries. Occasional vacuolated smooth muscle cells were observed, but these cells were not quantitated. In the dilated regions, endothelial and smooth muscle cell lesions were observed in all five angiotensin Il-treated groups; quantitatively, however, these lesions were more numerous and more extensive in the hypertensive untreated groups than in any of the hypertensive scavenger-treated groups (Tables 2 and 3 ). The numbers and areas of normal smooth muscle cells were significantly greater (percentages increased by 20% or more, p<0.01) in all scavenger-treated hypertensive groups compared with the untreated hypertensive group. However, each of the hypertensive groups (scavenger-treated and untreated) had significantly fewer numbers and smaller areas of normal cells (p<0.01) compared with its respective normotensive control group. All scavenger-treated groups showed significant and similar reductions in damaged or necrotic smooth muscle cells without fibrin deposits (percentages reduced by 15% or more, p<0.01) and necrotic cells containing fibrin (percentages reduced by 6% or more,p<0.05). The reduction in numbers of necrotic cells was somewhat greater in the group treated with the combination of SOD and catalase compared with other scavenger-treated groups, but not significantly so ( Table 2 ). None of the normotensive groups showed evidence of damage or necrotic vascular smooth muscle cells. Analysis of variance showed no significant differences in numbers or areas of normal smooth muscle cells with double-membrane-bounded vacuoles among the five hypertensive groups. However, each of the hypertensive groups had significantly greater numbers and areas of vacuolated cells (p<0.01) compared with its respective normotensive control group.
Discussion
The results of this study indicate that various free radical scavengers inhibit (but do not prevent) vascular hyperpermeability to tracer particles and reduce vessel wall damage in intestinal small arteries during acute, angiotensin TI-induced hypertension.
Fibrin deposition in vessel walls is also significantly reduced by scavenger treatment. However, scavengers do not significantly affect blood pressures, focal constriction patterns, or vessel diameters during severe experimental hypertension. The findings suggest that oxygen-derived free radicals play a role in the chain of events leading to hypertensive vascular disease, probably by exacerbating the vessel wall injury and hyperpermeability changes triggered initially by a severe, acute rise in blood pressure.
As this and previous studies have shown, severe experimental hypertension is accompanied by the formation of focal, irregularly distributed regions of relative constriction and dilatation in small arteries and arterioles of the intestine.'-7 Similar constriction patterns have been observed in the mesentery,2,4'7 kidney,5 brain,' and retina.1 The reasons for the development of this nonuniform constriction pattern are not well understood.8'9 However, a number of investigators have shown that the occurrence of irregular constrictions is directly linked to the localization of vessel wall lesions and hyperpermeability, both of which develop in dilated segments of these vessels.1-7 Vascular fibrinoid necrosis, one of the morphological hallmarks of severe or malignant hypertension, is thought to be the ultimate manifestation of these vascular changes.8 '9 Traditionally, the arterial and arteriolar hyperpermeability and vessel wall lesions that accompany severe hypertension have been explained on a mechanical basis, usually being attributed to elevated blood pressure per se.8,9 Increased pressure is thought to enhance the penetration of plasma proteins (including fibrinogen) through the endothelial barrier and into the smooth muscle layer of these vessels, and smooth muscle injury in turn occurs as a result of overstretching of muscle cells and/or compression by infiltrating plasma constituents.8'9 Yet, a possible role for free radicals in this process is suggested by a number of studies showing that free radical release is associated with both vascular hyperpermeability and cellular injury, and that administration of free radical scavengers inhibits these processes.'0-14
In the present study, in vivo observations confirmed that free radical scavengers have no detectable effect on blood pressure levels, vascular constriction patterns, or vessel caliber (Figure 1 ). In contrast, Wei et al, 16 studying the effects of acute hypertension in the cat brain, reported that topical application of free radical scavengers partially reversed the changes in vessel caliber induced during a period of acute hypertension. However, these observations were made 1 hour after the period of hypertension, whereas the observations in the present study were made during the course of hypertension, which may in part explain the differences in experimental observations. Hence, results from the present study suggest that the effects of free radical scavengers are not directly attributable to reductions in blood pressure or to changes in vascular constriction patterns. 
Increased vascular permeability is a well-documented phenomenon associated with free radical production, particularly in conditions of ischemiareperfusion injury to tissue.142122 Under these conditions, free radical scavengers inhibit permeability changes but blockers of histamine, prostaglandins, and lysosomal enzymes do not,14 suggesting that free radicals themselves are directly responsible for the hyperpermeability. The mechanisms responsible for hyperpermeability are not clearly defined, but the explanation most often cited is that free radical production disrupts membrane lipid arrangements of endothelial cells, thereby compromising integrity of the endothelial cell barrier and allowing penetration of plasma components. [10] [11] [12] [13] [14] 21, 22 In the present study, qualitative assessment of tracer particle penetration into vascular walls revealed less frequent appearance of particles in animals with the free radical scavengers SOD, catalase, or DMSO, as well as combined SOD-catalase treatment (Figure 3 ). Although the deposition of tracer particles does not directly demonstrate vascular permeability of the sort that leads to interstitial fluid accumulation, it does indicate enhanced permeability at sites of vessel wall damage. Fibrin deposition, which also reflects permeability to large plasma proteins such as fibrinogen at sites of vascular damage,89 is significantly reduced by scavenger treatment (Tables 2 and 3 ). Thus, the data suggest that free radical release is a key contributing factor to the vascular hyperpermeability associated with hypertension. It is important to note, however, that scavengers inhibit but do not completely prevent vascular deposition of ferritin or fibrin under hypertensive conditions, indicating that other mechanisms (e.g., pressure-induced injury to endothelial cells, overstretching of smooth muscle cells) undoubtedly contribute to changes in vascular permeability.
Free radicals have been shown to trigger or enhance cellular damage, probably because of their effects on lipid peroxidation in cellular membranes.12 Cellular injury associated with free radical release has been extensively documented in ischemiareperfusion or inflammatory conditions.10-14 Observations and data from the present study suggest that hypertension is another condition in which free radicals contribute to cellular injury, particularly to vascular smooth muscle and endothelial cells. The results show that each of the radical scavengers administered caused a significant reduction in smooth muscle damage/necrosis in the unconstricted segments of small arteries (Tables 2 and 3 ). The effects of scavenger treatment on endothelial cells are less easily quantified by light microscopy, because these cells are smaller and less numerous than smooth muscle cells in longitudinal sections. Nevertheless, nonquantitative observations by transmission electron microscopy indicated that endothelial injury is reduced by scavenger administration (Figures 2  and 3) . Interestingly, in their study of pial arterioles in acutely hypertensive cats, Kontos et al15 found endothelial cell lesions to be more numerous than smooth muscle lesions. This finding may reflect differing responses of cerebral and intestinal vessels to hypertensive conditions. These investigators observed a significant reduction in endothelial damage in SODor mannitol-treated cats. The data from the present study and those from Kontos et al'5 and Wei et al16 suggest that free radical release contributes to vascular cellular damage, probably to both endothelial and smooth muscle cells, during acute experimental hypertension. It should be emphasized again that free radical scavenger treatment does not completely prevent vascular damage, indicating that other mechanisms also contribute to the development of vascular cellular lesions.
Scavenger treatment has no significant effect on the occurrence of vacuoles in smooth muscle cells in the hypertensive groups (Tables 2 and 3) . Typically lined by a double membrane (Figure 3 ), these are probably not vacuoles in a true sense but represent rarefied processes of smooth muscle cells that have herniated into adjacent cells.34'1920 They are commonly associated with, and thought to be produced by, extreme contraction or dilatation of vessel walls.3,4'19 Data from the present study confirm that smooth muscle vacuoles occur much more commonly in hypertensive animals than in normotensive controls (Tables 2 and 3 ), as noted by previous investigators. 3, 46 The fact that scavenger treatment produces no significant reduction in vacuole formation in the hypertensive groups suggests that 1) the degree of vascular constriction and dilatation is not altered by scavenger treatment, and 2) smooth muscle vacuoles do not represent necrotic cell processes as some investigators once postulated.19 '20 Although the findings presented here implicate free radicals as contributing factors to the vascular hyperpermeability and vessel wall injury associated with hypertension, the source of free radical release cannot be determined with certainty. In studies involving ischemia-reperfusion, endothelial cells have been proposed as the principal site of free radical production.10,14 In support of this idea, isolated cultured endothelial cells have been shown to generate free radicals when subjected to injurious stimuli such as anoxia followed by reoxygenation. 23 Thus, it is tempting to speculate that during hypertension, pressure-induced damage to endothelial cells triggers the release of free radicals, which, in turn, promote additional vascular damage and enhance permeability. However, it is also possible, if not likely, that damaged vascular smooth muscle cells or even intestinal parenchymal cells could also release such radicals during hypertension, thereby triggering additional cellular damage. Inflammatory cells could conceivably be another source of free radicals,10-14,24 but since inflammatory cells do not appear as prominent features of the histopathologic lesions associated with hypertension (Figures 2 and  3) , these cells may not be major contributors to free radical release.
Toxic oxygen metabolites (commonly designated free radicals) such as 02 , H202, and OH* are generated by a variety of biochemical pathways, and perhaps the most common one involves xanthine oxidase.O0-14A25 Evidence also suggests that during hypertension the superoxide radical is generated by the cyclooxygenase pathway. 15 Although the experiments described here do not provide specific information about the possible biochemical origin of free radicals during hypertension, they do offer some clues about which of the various free radical species are the principal contributors to hypertensive vascular disease. The three scavengers used in this study act on different and quite specific steps of the degradation pathway from 2-to H202 and OH*. SOD scavenges O2radicals, catalase acts on H202, and DMSO inactivates OH. radicals.10-'4 The quantitative data reveal that these scavengers, when administered separately, cause approximately equal reductions in vascular cellular damage and fibrin deposition ( Tables 2 and 3 ). Because OH-radicals are generated as a final step by reaction with O2 and H202, and because DMSO inactivates OH. radicals but not 02 and H202, the results suggest that OHis the principal free radical contributing to hypertensive vascular disease.14 This suggestion corresponds with findings from earlier studies in which the highly reactive OH. radical has been shown to possess the greatest tissue-damaging activity and to be the major contributor to vascular hyperpermeability10-'4 when compared with other radicals. However, it is worth noting that in the present study, combined treatment with SOD and catalase produced somewhat greater reductions in vascular smooth muscle damage and fibrin deposition than did treatment with any of the scavengers individually (Tables 2 and 3 ). Presumably this represents a potentiating effect of the two scavengers. Similarly, a number of studies have shown greatest effectiveness of scavenger treatment when a combination of SOD and catalase is used. [10] [11] [12] [13] The findings presented here provide important clues about the pathogenesis of hypertensive vascular disease, since they suggest that vascular damage and hyperpermeability are not simply a result of mechanical stresses induced by elevated blood pressure per se. The results suggest that oxygen-derived free radicals contribute to the process, presumably by exacerbating or enhancing permeability changes and cellular damage initiated by increased intravascular pressures. Since it is difficult to measure free radical generation within specific individual blood vessels by currently available techniques (e.g., chemoluminescence, spin trapping, nitro blue tetrazolium reduction),10 the results of this and most earlier studies using scavengers can provide only indirect evidence of free radical involvement in the pathogenesis of disease. As techniques for detection of free radicals improve, the specific role of free radical production in the development of hypertensive vascular disease will undoubtedly be more clearly defined. Additional studies will be necessary to establish the importance of free radicals at various stages of hypertension. One important question that remains is whether the findings presented here have therapeutic implications in the treatment of severe or malignant hypertension. In this and many previous experimental studies of free radical injury,'0-'4 scavengers have been administered before a noxious insult or reperfusion; therefore, the results can be attributed to a protective pretreatment effect of the scavengers. From a therapeutic standpoint, it is clearly of great interest to determine if scavenger treatment has favorable effects on hypertensive vascular disease well after hypertension has begun and, if so, at what stage treatment is effective. Interestingly, Wei et al16 have observed that treatment with free radical scavengers after a period of acute hypertension partially reverses the vascular changes associated with the elevation of blood pressure. Further studies will be necessary to address this question in more detail.
